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BRDF Models to Predict Spectral Reflectance
and Emissivity in the Thermal Infrared

William C. Snyder,Member, IEEE,and Zhengming Wan,Member, IEEE

Abstract—This paper presents modifications to the linear ker-
nel bidirectional reflectance distribution function (BRDF) models
from Roujean et al. and from Wanner et al. that extend the
spectral range into the thermal infrared (TIR). Our application
is to synthesize the TIR optical properties of a scene pixel from
laboratory component measurements. The angular reflectance
and emissivity are needed to convert the radiance of a pixel as
measured from space to land-surface temperature. The kernel
models will be applied to develop a look-up table for the MODIS
land-surface temperature algorithm to estimate the spectral,
angular scene emissivity from land cover classification. A shrub
scene and a dense canopy scene illustrate qualitative differences
in angular emissivity that would not be evident without the kernel
model modifications. We conclude that the modified models pro-
vide a simple and efficient way to estimate scene optical properties
over a wide spectral range.

Index Terms—Bidirectional reflectance, emissivity, thermal in-
frared.

I. INTRODUCTION

T HE bidirectional reflectance distribution function (BRDF)
characterizes surface reflectance for all combinations of

incident and reflected angles. The BRDF may be integrated
over source and detector solid angles to get measurable optical
properties, such as biconical reflectance, as defined in Nicode-
mus’ National Bureau of Standards monograph [1]. A common
application of BRDF modeling is to eliminate the effects of a
particular sun-sensor geometry. This involves fitting the model
to measured data and inverting it. Our application, on the other
hand, is a forward synthesis to relate component properties to
those of a structured surface. This paper presents modifications
to a certain class of BRDF models that were developed for
reflective band inversion. These modifications extend their
spectral range into the 3–14-m thermal infrared (TIR) region.
The TIR versions are useful for land surface temperature
because we can predict the spectral BRDF and integrate to
get directional-hemispherical reflectance and emissivity of a
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canopy from laboratory measurements of leaves and soils and
from the land-cover classification.

It is difficult over large areas to measure the reflectance
and emissivity of complex land cover types. This is especially
true in the thermal infrared where both the reflected and
emitted radiances are significant. Many component measure-
ments by Salisbury and others are available, however, for
use in BRDF models [2]–[7]. These include high-resolution
spectra of leaves, soil, sand, ice, water, snow, and rock, and
so forth. There is no fundamental difference in the physics
and optics used in the model derivations in going from the
visible to the thermal infrared. Some of the assumptions are
different because of the differences in optical properties and
the differences in the application. In particular, our changes
accommodate reflectance contrast reversals among compo-
nents over the 3–5- and 8–14-m atmospheric windows and
focus on the use of BRDF as an intermediate step to find
directional-hemispherical reflectance and emissivity.

Generally, the BRDF anisotropy is a function of component
reflectance, which in turn is a function of wavelength. This
shape dependence on reflectance and wavelength is primarily
because of the nonlinearities inherent in multiple scattering.
A linear kernel approximation, however, was developed and
explored in models described by Nilson and Kuusk [8],
Roujeanet al. [9], Wanner et al., and Lewis [12]. A lin-
ear combination of fixed-shape kernels is useful because it
provides a simple, practical way to synthesize, integrate, and
invert the BRDF. Linear kernels also provide a simple means
for combining scene properties in mixed pixels by weighted
linear combinations [9].

The kernel shapes arise from a structural description of the
surface. The weights in the forward synthesis are developed
from component reflectance and transmission, as well as
structural variables. The weights also may be determined
empirically from fitting the kernels to goniometer, aerial, or
satellite measurements. The kernels are usually developed
from more general nonlinear models by invoking linearizing
approximations. With linear models, the representation of
spectral BRDF is reduced to the value of several coefficients
as a function of wavelength. This representation is easy to
integrate by precomputing the kernel integrals, multiplying by
the coefficients, and summing the terms [9]. This gives the
spectral, directional-hemispherical reflectance and emissivity.
A linear combination of fixed kernel shapes, however, cannot
account for the nonlinearities caused by multiple scattering.
But these are usually small for natural materials in the thermal
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infrared because the single-scattering reflectance is typically
below 10%.

These models were derived for the solar-reflective region
of the electromagnetic spectrum, but are applicable over a
wider spectral range with the straightforward modifications
we present. The wide-range versions provide needed physical
and empirical relations between libraries of component spectra,
land-cover classification, and pixel reflectance and emissivity.
Our goal is to predict absolute angular emissivity with a look-
up table based on land-cover classification and other factors.
This will be used in a split-window land surface temperature
algorithm that was developed for 1-km EOS/MODIS data
[13]. We also plan to use these models to determine the
emissivity variations within a particular class for temperature
error assessment.

Our modifications are to the Wanner kernel version of
Li and Strahler’s sphere-plane geometrical model and to
Roujeanet al.’s volumetric kernel model. The main difference
is to keep separate some of the terms and thus eliminate
assumptions about the relative magnitude of component prop-
erties. This was not done in the visible versions because
it increases the number of kernels, which is problematic
for inversion. The results give new kernel expressions and
the corresponding coefficients. We also rederived the ge-
ometrical model to be reciprocal. A reciprocal model is
one which gives the same value of the BRDF when the
incident and reflected angles are switched. Our application
models the BRDF, integrates the modeled BRDF to get the
directional-hemispherical reflectance, and applies Kirchhoff’s
law to compute the emissivity from the reflectance. With
nonreciprocal models, Kirchhoff’s law is not guaranteed to
hold. It would need to be imposed as an additional constraint
on the model expressions. The applicibility of the various
forms of Kirchhoff’s law are proved in many texts by the
use of isothermal enclosure calculations. Such techniques have
been proposed for demonstrating reciprocity [14], but they are
flawed—there is no general thermodynamic proof [15], [16].

Reflectance reciprocity is asserted in many optical and
remote sensing texts as an extension of Helmholtz reciprocity
[17]–[19]. Several other works reference DeHoop’s theorem,
which applies to the case of simple electromagnetic scattering
[20]. Reflectance reciprocity also results from other models of
electromagnetic scattering, such as Fresnel reflectance. There
are no conclusive measurements of reciprocity violation under
appropriate conditions, even for materials with rough surfaces
that have multiple scattering [16], [21]. These laboratory
measurements account for polarization and do not involve
optically active materials. An important issue for Earth science
is the applicibility of reciprocity to structured natural land
cover types at satellite instrument resolutions.

Nicodemus provides a definition of the average BRDF that
is appropriate for structured surfaces [1]. It is equivalent to
the radiance-to-irradiance ratio averaged over a large area.
The BRDF is taken at a horizontal reference plane above all
structure. Define to be the incident flux per unit solid angle
from an angle on an element centered at
on a horizontal reference plane, as illustrated in Fig. 1. If the
reflected radiance which comes from this incident flux is

Fig. 1. The simplified geometry definitions for BSSRDF.

in the direction at the point of observation,
we have the linear relation that defines the bidirectional
scattering-surface reflectance-distribution function (BSSRDF)

(1)

The average BRDF for structured surfaces is then defined by
the integral of the BSSRDF over an appropriate averaging
area. This area depends on the scale of the material structure
and is simply large enough so that the resulting average BRDF
is independent of the point of observation. Here, the integral
is over the incident positions for a fixed observation point

(2)

It is evident from (2) that if is reciprocal, in other words, if

(3)

then the integrated average BRDF is also reciprocal

(4)

We cannot prove in general that a material will have a
reciprocal BRDF, but reciprocity holds for common materials.
If it does hold, then for the single scattering case of a structure
of common materials, each BSSRDF path is reciprocal. Any
arbitrary combination of incident angle, reference surface
locations, and output angle defines a transfer geometry at some
scattering element on the surface structure, or it defines a
blocked path. In the case of a blocked path, the transfer is
zero in both directions, so it is reciprocal trivially. In the case
of a single-reflection path, reciprocity of the BSSRDF can be
shown by straightforward radiometric calculations. The case
for multiple scattering with opaque and translucent materials
also gives reciprocal BSSRDF paths, but is more difficult to
show and is addressed separately by Snyder [22]. Thus all
BSSRDF paths are reciprocal, and so the average BRDF is
reciprocal. Later forms of the Wanneret al. geometrical models
invoke approximations for the inversion application that make
them not reciprocal, such as the kernel versions of the Li-
Sparse and Li-Dense models [10], [23]. The Li-Sparse model
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presented here is rederived to keep it reciprocal. All terms
of the volumetric model and the specular model are already
reciprocal.

II. K ERNEL MODELS

Although the models will be reciprocal, the approximations
made put into question the use of these models for the
forward estimation of scene properties. The errors due to
approximations are not as important for empirical fitting as
they are in the forward synthesis application. In the treatment
of variations in component reflectance and transmission, how-
ever, our approximations are less severe than those that were
required for inversion in the original models. The problem of
synthesizing scene properties is a difficult one and solutions
are all but nonexistent in the infrared. If few other methods
are available, an approximate method is tolerable. We defend
the remaining approximations with the following observations.
Our use integrates the kernels which will tend to reduce the
effects of localized BRDF inaccuracies. In addition, the model
estimates reduce to the expected values, such as ground BRDF,
in the limiting cases, and the model predictions appear to be
reasonable for the intermediate cases. Furthermore, the scene
reflectance is bounded by the component reflectance, which
is low to begin with for vegetation, so absolute errors in
reflectance will be small. Finally, the models are useful not
only for absolute estimates, but also for studying qualitative
effects, finding regression trends, and determining relative
variations. Relative differences are likely to be modeled more
accurately.

We modified expressions for a sphere-plane geometrical
model, a volumetric model, and a rough-specular model. The
associated structures are shown in Fig. 2. The symbols in this
figure correspond to those defined later in the derivations. The
geometrical model is applied to classes with sparse shrubs,
trees, or crops with a soil or soil-grass understory. The sphere
and understory reflectances are calculated from the volumetric
model applied to the leaf and soil components. For the sphere,
the volumetric optical depth is taken to be infinite. For the
understory, the volumetric model estimates are based on veg-
etation coverage. The resulting nadir directional-hemispherical
reflectances from the volumetric model are taken to be Lam-
bertian and applied to the geometric model. The sphere-plane
approach also works well, at least empirically, for bare soils
[24]. The volumetric model treats a homogeneous layer of
isotropically oriented facets (leaves) with some density related
to leaf area index (LAI) and some reflectance and transmission.
The lower boundary is a Lambertian reflectance which could
be a direct measurement of bare soil, or a separate volumetric
model estimate of grass, or soil litter. The specular model is
a Fresnel surface with a specified roughness that disperses the
specular reflection. This is suitable for forward modeling of
water or ice.

In the kernel approach, the BRDF is a weighted linear
combination of fixed kernel shapes and a constant kernel
(isotropic). The weight values depend on component fractional
areas, structural properties, and reflectances. By convention all
kernels except the isotropic are normalized to be zero at zero
incident and reflected zenith angles [9]. The isotropic kernel is

Fig. 2. The scene structures for the geometrical, volumetric, and specular
BRDF models. For the geometric case,�c is the Lambertian crown reflectance
from the volumetric model, and�g is the Lambertian ground reflectance from
the volumetric model or direct measurements. The variablesn andr are the
number density and radius of the crowns, respectively. For the volumetric
model, the randomly oriented facets have a reflectance� and a transmission
�: The understory reflectance�0 is from either a volumetric estimate or from
direct measurements. The specular model applies the Fresnel reflectance of
the surfaceRf and a roughness parameter�:

normalized to unity. In these derivations, we will assume that
only the relative azimuth between the incident and reflected
angles need be considered. The zenith angles of incidence
and reflection are and , respectively. The scattering angle
between incidence and reflection is given by

(5)

For the following expressions, is the BRDF, is the fixed-
shape kernel, and is the weight value. All radiometric
quantities are spectral.

A. Isotropic Kernel

The isotropic BRDF is

(6)

where the kernel is simply

(7)

B. Geometrical Model

Our geometric kernel is based on the Li and Strahler sparse
canopy model [23]. The derivation closely follows Wanner’s
kernel version of the Li-Sparse model [10]. We omit the Li-
Dense case because, for reflectance and emissivity in the
thermal infrared, the volumetric effects of the crowns and
understory dominate the optical properties. For the dense
crown case, we simply apply the volumetric model. When the
models are integrated, the differences in doing this are small.
The original models were derived in terms of reflectance.
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Our derivation takes a different approach because it begins
by applying the simple BRDF relation:
The goal is to find an expression for the radiancegiven the
illumination irradiance and the illumination zenith angle

The more general geometrical model considers a plane
with spheroids (canopy crowns) of variable number density,
variable aspect ratio, and variable height above a plane. The
shaded areas are taken to be black, and the reflectance of the
spheroids and plane are taken to be equal. We will consider
only the case of spheres on a plane for which there are
per unit area with radius We neglect the mutual shadowing
effects, as is appropriate in the sparse model, and compute
the projected viewed and illuminated areas directly, not by
Boolean probabilities, as introduced by Strahler and Jupp [25].
We will keep the model separated into two kernels, however,
by not combining the contributions from the illuminated
ground and the illuminated sphere. Although the reflectances
of the two are often the same, they are not for shrubs in arid
areas where the understory is sand. In the TIR, sand has a
much higher reflectance than vegetation in certain regions of
the spectrum. The separated version will result in two new
shaped kernels and three new coefficients (the third for the
isotropic portion).

The average spectral radiance viewed from some angle is
the projected area-weighted sum of the radiances of the two
illuminated components

(8)

where and are the viewed fractions of illuminated
ground and crown area, respectively. If this radiance was
produced by a collimated irradiance in the plane normal to
incidence, the BRDF for given incident and reflected angles
is given by

(9)

For the ground, If is isotropic,
where is the Lambertian reflectance of

the ground. The radiance for the crown spheres is not as easy.
We must account for the lower radiance near the edges of the
sphere by averaging the radiance over the projected disk. Also,
we must account for the fact that the irradiance intercepted by
the sphere does not diminish with increasing source zenith
angle as it does for the plane. If the sphere surface has a
Lambertian reflectance it can be shown by integration that
the average radiance of the sphere as viewed from the source
direction is

(10)

Substituting this into (9) gives

(11)

Next, we will derive the fraction of the total viewed area
occupied by illuminated ground We find this by examining

the projections of spheres onto the plane. The expression is

(12)

where is the projected area of the sphere onto the plane
from the reflected direction and is the projected area of
the sphere onto the plane from the incident direction. We
must subtract the intersection of these areas. The area of
an ellipse is where and are the major and minor
axes. The major axis of the projection is The minor
axis is so the projected areas are and

The intersection is a difficult expression
to derive. Ironset al. give an empirical representation [24],
but Wanner develops a geometrical approximation based on
parameterizing the ellipses which we employ [10]

(13)

where

(14)

and

(15)

Thus we have defined all the terms in
Now for the fraction of the total area that is both illuminated

and viewed sphere The fraction of the total area occupied
by spheres is the projected area given by The
illuminated fraction is also from an approximation by Wanner
[10]

(16)

Recall that the phase angle was defined in (5). This ex-
pression does not account for the distribution of irradiance
over the illuminated portion of the sphere, but it is correct for

and and so will be taken as a sufficiently good
approximation.

Substituting and into (11) and normalizing the kernels
to zero at nadir, we have for the kernel BRDF

(17)

where the kernels are

(18)

and

(19)

and the coefficients are

(20)

(21)
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and

(22)

With this model we can independently adjust the ground and
crown reflectance. Clearly, both kernels are reciprocal, so the
model is reciprocal. We also have introduced a factor of 2/3 in
the sphere radiance that does not appear in the original version.

The model may be extended to the case where the spheres
become spheroids by scaling the vertical dimension to convert
the spheroids back to spheres as is done in the Wanneret
al.derivations. This transforms the zenith angles by the formula

where and are shape parameters
[23]. The model could also be improved to account for mutual
shadowing and to apply a boolean model to the fractional area
formulas [23], [25].

C. Volumetric Model

Roujeanet al. and Ross provide a volume scattering BRDF
model for an isotropic distribution of facet slopes with re-
flectance and transmission above a ground reflectance of
[9], [26]. For this model, the facet number density and canopy
height are represented by a structural constantwhich is
related to LAI. By keeping the reflectance and transmission
terms separate, the volumetric BRDF expression becomes

(23)

Here, but to represent the model
with fixed kernels, the value of b is approximated as a constant
(1.5), based on typical values of the angles. This is acceptable
for medium to dense canopies where not much of the ground
is viewed directly in any case.

For the visible and near infrared version, the facet (leaf)
transmission is assumed equal to the reflectance
This reduces (23) to one kernel shape. In the thermal infrared,
because of the absorption of water in green leaves,

[27]. Therefore, the volumetric BRDF exhibits a broad
volumetric backscattering peak. In other parts of the spectrum
the transmission is larger, and the BRDF is less dependent
on the incident angle with higher values at the larger view
zeniths. So, we will keep the expression separated into two
kernel shapes to allow and to vary. Generally, will be
taken to be zero from 3 to 14m but the kernel will be
included for completeness. We have

(24)

So the normalized volumetric BRDF model is

(25)

where the kernels are

(26)

and

(27)

and the coefficients are

(28)

(29)

and

(30)

Both kernels are reciprocal. For a given structure, their
relative weights are proportional to the relative values of the
reflectance and transmission of the leaves. The viewed “optical
depth” determines the proportion of leaf and ground
reflectance in the isotropic constant.

D. Specular Model

For land surfaces specular behavior occurs in several special
cases. For each case, the width of the specular lobe is different
so the specular component may not be accurately represented
by a single, fixed kernel. The lobe width is a function of
the surface slope distribution Land surfaces that have a
specular component include inland water bodies, water under
vegetation, ice, snow, and silt (dry lake bed). The general
specular kernel here is based on widely used derivations for
ocean reflectance [28]. There are studies of this approach by
Strahler and by Ahmad and Deering [11], [29]. The proposed
Strahler version is linearized, but is not reciprocal. We begin
the derivation by adapting Ahmad and Deering’s reflectance
to BRDF and linearizing the model with Strahler’s approach.
The result is a family of BRDF kernels that is parameterized
by the surface roughness. The BRDF is

(31)

The probability function for seeing specular contribution in
the view direction is

(32)

and the specular surface normal angle is

(33)

With the assumption that the incident light is not polarized
and that the detector is not sensitive to the polarization of the
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reflected light, the Fresnel reflection is given by

(34)

It turns out that the kernel shape is not changed very much
with different indices of refraction so we can take
(the value for water), so in the Fresnel expression

(35)

Finally, the value of the specular BRDF at zero incident and
reflected angles is

(36)

For a zero kernel value at nadir geometry, we can rewrite
the expression for the BRDF that corresponds to a surface
slope distribution as

(37)

where the parameterized kernel is

(38)

and

(39)

Water roughness can be related to wind speed. At 5 m/s, the
wind produces a surface roughness equivalent to
which Strahler suggests as an approximate value for all inland
water [11]. It is unknown over what range the roughness for
ice varies, but it will be seen for moderate angles that the
directional-hemispherical emissivity is not strongly affected
by roughness for either water or ice.

III. RESULTS

A. Qualitative Kernel Comparison

Fig. 3 is a Cartesian plot of the five shaped kernels with
nadir illumination. For the geometrical kernel, the ground
normally will be more reflective and the backscattering com-
ponent will dominate the shape. The crown kernel shape will
be more prominent in cases where the ground is less reflective
than the crowns, such as for senescent foliage over certain soil
types in the infrared [5]. It is clear that for moderate to large
angles, the geometric BRDF strongly depends on the balance
in reflectance between the ground and the crown. The two
volumetric kernels are more isotropic, but again, it is clear
that the BRDF values at moderate to large angles depend on
the balance between the leaf reflectance and transmission. The
specular BRDF kernel is plotted with

Fig. 4 shows surface plots of the five kernels and the
isotropic kernel in spherical-polar coordinates. The plots rep-
resent BRDF over a range of zeniths and azimuths for a
fixed directional illumination at a zenith of 30. This incident
direction is shown as a line in the first quadrant in the

plane (upper right). The material surface is in the

Fig. 3. The five shaped kernels plotted with nadir illumination in Cartesian
coordinates. The kernels are rotationally symmetric with nadir illumination.
Note that the kernel values are normalized to be zero at zero zenith.

plane (bottom). The radius of the surface in any direction
is proportional to the reflected radiance. The reflected zenith
angles beyond approximately 75are not plotted because some
model expressions become large at these extremes. Fig. 4(a)
is the isotropic kernel, which is a section of sphere in these
coordinates. Fig. 4(b) is a surface plot of the specular kernel
with roughness parameter and The axis of the
specular lobe is very nearly along the specular scattering angle
and its width is a function of This lobe becomes distorted at
larger incident angles because of the limiting geometry of the
surface. Fig. 4(c) and (d) are surface plots of the geometric
ground and crown BRDF kernels, added to a nominal value of
the isotropic BRDF to make all values positive. The weights
are The ground kernel clearly shows the
sharp backscattering peak where the source shadows disappear.
The crown kernel shows broad backscattering because the
illuminated portion of the sphere is centered toward the source.
Fig. 4(e) and (f) show the volumetric surface plots of the
and kernels. Here again, we choose to set
to illustrate the shapes. For leaves with dominant reflectance,
there is a mild volumetric backscattering lobe. With a high
leaf transmission, the lobe is in the specular direction.

B. Integration for Reflectance and Emissivity

For linear kernel models, the integral of the BRDF over
the hemisphere for a given angle of incidence is a linear
combination of the integrated kernels at the same angle and
with the same weights [9]. This means that for the directional
reflectance and directional emissivity, we need only integrate
the kernels once for a range of incident angles and make
a look-up table. Then, the reflectance is determined for a
surface of interest by adding these values weighted by the
spectral coefficients. The kernel integrals are plotted in Fig. 5.
For all but the geometrical ground kernel, the reflectance
increases with angle. For the geometrical kernel, as was
the case for the BRDF shape, the directional reflectance
depends strongly on the balance between the crown and
ground component reflectances. For the volumetric kernel,
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(a) (b)

(c) (d)

(e) (f)

Fig. 4. Spherical-polar surface plots of the BRDF kernels with an illumination zenith angle of 30� (shown as a line from the upper right). The distance
of the surface from the origin is proportional to radiance for a given incident irradiance at that geometry. The isotropic curve (a) is simply a portionof a
sphere. The specular curve (b) has its major axis near the specular angle and its width is a function of the roughness. The geometric ground kernel (c) has a
“backscattering peak” toward the incident direction. At this angle, all of the illuminated portion of the ground is viewed so that there is a BRDF maximum.
For the geometric crown kernel (d), the BRDF also has a backscattering emphasis because the more of the illuminated portion of the crown is viewed. The
volumetric reflection and transmission kernels (e) and (f) show a back and forward scattering characteristic, respectively. The backscattering from the reflection
kernel is for the same reasons as before: all of the viewed facets are illuminated, and there are no shadows.
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Fig. 5. The kernel integrals as a function of zenith angle in Cartesian
coordinates. The integral of the isotropic kernel (not shown) is simply�: These
plots correspond to the individual contributions to directional-hemispherical
reflectance.

the dependence of reflectance on the balance between leaf
reflectance and transmission is not as strong.

C. Component Reflectance Spectra

The thermal infrared reflectance spectra of component ma-
terials may be measured with a Fourier transform infrared
spectrometer and an integrating sphere system [4]. For a
typical system, a silicon-carbide element is heated to approx-
imately 1100 K to provide source illumination, which is then
passed through an interferometer and directed to the material
surface at the sample port of an integrating sphere. A TIR
detector measures the modulation of the light amplitude as the
interferometer mirror scans, resulting in an interferogram that
is Fourier transformed into a power spectrum. The process is
repeated with reference materials to calibrate the response of
the system. The spectral resolution of the system is typically
2–8 cm depending on the mirror distance traveled. The
instrument provides the directional-hemispherical reflectance
at a zenith of 10, not at nadir, to prevent a specular return
from being lost through the entrance port. The diameter of
the illumination spot for a typical system is cm, which
is sufficient to measure many common component materials
such as sand, gravel, soil, snow, ice, pine needles, leaf surfaces,
etc. The reflectance is converted to emissivity by applying the
angular form of the relation

Fig. 6 shows the TIR reflectance spectra of five diverse
materials at a 4 cm resolution. These are from Salisbury’s
measurements [5], but we are also building a library of similar
measurements. In wavenumber, the atmospheric windows in
the TIR are approximately 2000–3000 cmfor the 3–5 m
region and 750–1250 cm for the 8–14 m region. Green
vegetation and organic soil have the lowest reflectance. Dry
vegetation and pure minerals generally have a larger spectral
contrast. For instance, at the principal Christiansen feature
(1350 ), the quartz sand has a reflectance of only 0.002,
but in its restrahlen bands between 1000 and 1250 cm, the
reflectance can range from 0.05–0.40 depending on the grain
size. Reflectances in the thermal infrared are typically less than

Fig. 6. Spectral reflectance of five component materials in the TIR mea-
sured with a spectrometer and an integrating sphere. The abscissa units are
wavenumber—the range is approximately 14.3–3.3�m:

0.01 for snow to 0.01–0.06 for ice (these are not plotted) [6].
Clearly the geometrical model assumption that would
not be valid in the TIR, for instance, with senescent foliage
and deciduous soil. For sand and soils the TIR BRDF of the
components has a mild backscattering lobe, but is generally
isotropic [7]. Leaf surfaces are perhaps not as isotropic, but the
effects of a specular component are diminished in a volume
scattering medium.

D. Examples

First we will compare two cases with the geometrical BRDF
scene model. One is a synthesis of sparse green (nonsenescent)
pine shrubs and pure sand. The other is a synthesis of senescent
shrubs and snow. This is an extreme comparison, but illustrates
some interesting qualitative effects caused by the contrast
reversal. We choose and apply the component
spectra to compute the spectral coefficients of the model. The
reflectance of the pine shrubs is taken to be half that of the
needle sample, and the senescent shrub reflectance is taken
to be one-third that of the senescent leaf surface to account
for the volumetric effects. Fig. 7 shows the sand/pine spectral
kernel coefficients, the scene reflectances with zenith angles
of 10 , 30 , and 50, and a surface plot of the scene BRDF at
2500 cm m with a zenith angle of 30. Fig. 8 shows
the same plots for the snow/senescent leaf scene.

For the sand/pine case there is a significant decrease in the
quartz restrahlen signature at 50. The reflectance decreases
with increasing angle because it makes a transition from the
ground signature to the crown signature as the viewed propor-
tions change. The BRDF shows the geometrical backscattering
peak of the ground kernel because the shrubs are relatively
nonreflective. The reflectance of fine snow is 0.01 or less over
this wavelength range, therefore, in the snow/senescent case
we have inverted the relationship between ground and crown
reflectance. The angular reflectance increases with increasing
angle and the BRDF is dominated by the crown kernel. It
is clear that if the component signatures are different there
will be a significant angular variation of the reflectance. That
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(a)

(b)

(c)

Fig. 7. Geometric sand/pine scene synthesis showing (a) the spectral kernel
coefficients, (b) the angular spectral reflectances, and (c) the BRDF at 2500
cm�1 and 30� zenith angle.

this can be a positive or negative dependence would not be
apparent without the two-kernel geometrical model.

The volumetric case is illustrated by green oak leaves and
deciduous soil. We take over the TIR spectrum so that

Fig. 9 illustrates the results of the volumetric synthesis
with LAI At this LAI there will be some of the

(a)

(b)

(c)

Fig. 8. Geometric snow/senescent scene synthesis showing (a) the spectral
kernel coefficients, (b) the angular spectral reflectances, and (c) the BRDF at
2500 cm�1 and 30� zenith angle.

soil component present in the scene spectrum. The reflectance
does not change much with angle. For high values of LAI the
limiting value of nadir reflectance is , so the volumetric
scattering significantly reduces the reflectance. In unpublished
measurements from our integrating sphere, we have found
that indeed the reflectance of a leaf surface is reduced by
a factor of approximately 1/3, with small, randomly stacked
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(a)

(b)

(c)

Fig. 9. Volumetric soil/oak scene synthesis showing (a) the spectral kernel
coefficients, (b) the angular spectral reflectances, and (c) the BRDF at 2500
cm�1 and 30� zenith angle.

pieces. Green leaf component reflectance is already low and in
the 8–14- m region and the volumetric emissivity approaches
unity (0.98–0.99).

E. Comparison with Measurements

The nonkernel form of the geometric model has been
validated by comparison to Monte Carlo results [23]. Wanner

et al. and Huet al. provide treatments of the validity of the
kernel version in the visible and near infrared [30], [31]. We
have not yet validated the model for our application in the TIR.
In our TIR measurements of bare soils, however, for which
the model is applicable, we have found the model-predicted
backscattering peak in the BRDF [7].

The volumetric predictions are consistent with medium-
scale measurements using the box method over a savanna
by Van de Griendet al. [32]. In this study, it is found
that as the vegetation coverage over bare soil increases from
10% sorghum to dense shrubs, the 8–14-m band-averaged
emissivity increases from 0.940–0.986. We applied the volu-
metric model with the exponent ranging from 0.1, which
corresponds to 10% coverage, to 2.9, which corresponds to
nearly full coverage. The facet reflectancewas set to that
of green leaves from the Salisbury measurements [4], and
the facet transmission was set to zero. The soil reflectance

was set to Salisbury’s soil number 3721, which was an
aridisol from Syria. We ran the model and integrated the results
over the 8–14 m range used in the Van de Griend study.
The resulting emissivities ranged from 0.945 to 0.987. This
represents a close agreement with measurements. The low LAI
value is dependent, however, on the soil reflectance, which
varies much more than green leaf reflectance. We obtained
similar results for the high LAI value using a spectral reflection
technique with a sample of leaves and soil [7].

Olioso’s theoretical study [33] determined that with leaf
component emissivities ranging from 0.90 to 1.0, the canopy
emissivity ranges from 0.96 to 1.0. This agrees with our
volumetric predictions. This study also concluded that canopy
emissivity with LAI was almost independent of zenith
angle up to 60, as is predicted by the volumetric kernels.
This study and a follow-on study of the savanna data by Van
de Griend [27] indicate that there is a significant empirical
correlation between normalized difference vegetation index
(NDVI) and the 8–14 m emissivity. For a given scene,
NDVI, LAI, and the exponent in the volumetric model
are closely related. Therefore, the modified volumetric model
not only substantiates the NDVI-emissivity correlation but also
provides physical insight into the confounding factors, such as
the soil reflectance.

For values of roughness the BRDF of
specular surfaces such as ice and water change significantly.
The roughness spreads out the specular return. The directional-
hemispherical properties, however, do not change very much.
In a sense, as the roughness increases, the light from a given
direction is scattered differently, but it goes somewhere in the
hemisphere, so the integrated value is the same. Salisbury’s
measurements of smooth and rough distilled water ice [4] show
a slight decrease in reflectance from 0.03 to 0.02, respectively
( to ). Our single-scattering specular model
predicts a decrease in directional-hemispherical reflectance
near nadir of less than 0.001 when going from smooth to
rough ice. The measured decrease is 0.01, probably because
of shadowing and multiple scattering not accounted for by the
model. The model reflectance for ice (and water) decreases
more significantly with roughness at large angles. Our results
are consistent with a theoretical analysis of water emissivity
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versus wind speed and angle, using the original form of the
Cox and Munk model, by Masudaet al. [34].

IV. CONCLUSIONS

We investigated the applicibility of reciprocity to BRDF
models that relate component properties to structured scene
properties. Models and proofs suggest that reciprocity gener-
ally holds for conventional structured surfaces, and there are no
conclusive violations in measurements. Reciprocity guarantees
that ; so it is important when a model is to be
used for reflectance and emissivity. Several reciprocal linear
models were modified and applied to predict thermal infrared
scene properties from measured component spectra.

The examples illustrate some important angular emissivity
effects that the models reveal. With foliage as modeled by
the volumetric kernels, there is little angular dependence of
the scene emissivity. The shape of the dense canopy BRDF is
fairly isotropic with some variation at large angles that depends
on the ratio of leaf reflectance and transmission. Because of
reciprocity, the more isotropic the BRDF, the smaller the an-
gular dependence of the directional-hemispherical reflectance
and emissivity. On the other hand, the geometrical exam-
ples demonstrate that there can be surprisingly large angular
dependence of the scene emissivity even with Lambertian
components. This is because of structure—primarily because
of the changing viewed proportions of the components. An-
other effect of going from components to the scene is that
the spectral contrast is reduced. Components will rarely have
spectral features in the same place, so a mixture of components
will have an averaging effect on the resulting spectrum.

The principles used for modeling in the reflective spectral
range appear to apply in a straightforward manner to the
thermal infrared. When the models are expressed in terms of
BRDF, they can be integrated to give reflectance and emissiv-
ity of structured scenes. In particular, linear kernel models of
BRDF may be preintegrated and applied to convert component
spectra to scene properties in an efficient manner. The models
are sufficient for qualitative explorations of angular effects and
for studies of the relative variations. Existing measurements
lend credence to the models, but further work is needed to
validate absolute emissivity estimates, which should include
comparisons with simulations, tower measurements, and the
emissivity recovered by other methods, such as multichannel
aircraft and satellite data.
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